The budding yeast, Saccharomyces cerevisiae, is a convenient system for coupling heterologous G protein-coupled receptors (GPCRs) to the pheromone response pathway to facilitate empirical ligand screening and/or GPCR mutagenesis studies. However, few studies have applied this system to define GPCR-G protein-coupling preferences and furnish information on ligand affinities, efficacies, and functional selectivity. We thus used different S. cerevisiae strains, each expressing a specific human G␣/yeast Gpa1 protein chimera, and determined the pharmacology of various ligands of the coexpressed human adenosine A 1 receptor. These assays, in conjunction with the application of quantitative models of agonism and antagonism, revealed that (Ϫ)-N 6 -(2-phenylisopropyl)adenosine was a high-efficacy agonist that selectively coupled to Gpa/1G␣ o , Gpa1/G␣ i1/2 , and Gpa1/G␣ i3 , whereas the novel compound, 5Ј-deoxy-N 6 -(endo-norborn-2-yl)-5Ј-(2-fluorophenylthio)adenosine (VCP-189), was a lower-efficacy agonist that selectively coupled to Gpa1/G␣ i proteins; the latter finding suggested that VCP-189 might be functionally selective. The affinity of the antagonist, 8-cyclopentyl-1,3-dipropylxanthine, was also determined at the various strains. Subsequent experiments performed in mammalian Chinese hamster ovary cells monitoring cAMP formation/inhibition, intracellular calcium mobilization, phosphorylation of extracellular signal-regulated kinase 1 and 2 or 35 S-labeled guanosine 5Ј-(␥-thio)triphosphate binding, were in general agreement with the yeast data regarding agonist efficacy estimation and antagonist affinity estimation, but revealed that the apparent functional selectivity of VCP-189 could be explained by differences in stimulus-response coupling between yeast and mammalian cells. Our results suggest that this yeast system is a useful tool for quantifying ligand affinity and relative efficacy, but it may lack the sensitivity required to detect functional selectivity of low-efficacy agonists.
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Adenosine is a purine nucleoside that is vital in regulating numerous physiological processes, especially in the cardiovascular and central nervous systems (Haskó et al., 2008) . In pathophysiological settings, adenosine is commonly regarded as a tissue-protective molecule whose actions are mostly mediated by the adenosine A 1 receptor, one of four G proteincoupled receptor (GPCR) subtypes recognized by adenosine. The A 1 receptor is nearly ubiquitously expressed throughout the body, with highest levels in brain, spinal cord, atria, and adipose tissue (Baraldi et al., 2000; Kourounakis et al., 2001 ). Activation of the adenosine A 1 receptor remains an attractive therapeutic approach for treating conditions such as ischemia reperfusion injury, paroxysmal superventricular tachycardia, chronic pain, and non-insulin-dependent diabetes mellitus (Gao and Jacobson, 2007; Elzein and Zablocki, 2008) . For this reason, A 1 receptor-selective compounds have generated much interest as potential novel therapeutic agents.
Approaches for selectively targeting the A 1 receptor have traditionally exploited differences in the binding properties of this receptor relative to other subtypes, either by focusing on the receptor's orthosteric site or, alternatively, on potential allosteric sites (Gao et al., 2005; Aurelio et al., 2009 ). More recently, there has been a growing appreciation that ligands may be designed that are not only subtype-selective, but also signal pathway-selective. This reflects the recognition that GPCRs adopt multiple active states that can be differentially stabilized such that only a subset of the entire signaling repertoire associated with a given receptor is activated in a ligand-specific manner, a phenomenon termed "stimulus-trafficking" or "functional selectivity" (Kenakin, 1995; Urban et al., 2007) . As with most GPCRs, the A 1 receptor is known to couple promiscuously to multiple signaling pathways (reviewed in Schulte and Fredholm, 2003) , and it is thus conceivable that selectively targeting only some of these could potentially lead to a reduction in the side-effect profile associated with indiscriminate activation of the A 1 receptor. However, in general, multiple assay types are required to study the promiscuous coupling of GPCRs, such that pharmacological parameters (e.g., ligand affinities and relative efficacies) can be obtained. Determination of such information is required to facilitate structure-activity relationships and to understand functional selectivity. Nonetheless, many assays can be influenced by intracellular signaling cross talk arising from the promiscuous nature of GPCR signaling. Therefore, it would be useful to use a single system that could generate the requisite information on selective signaling with minimal contribution from potential confounding influences.
The yeast, Saccharomyces cerevisiae, expresses a single type of GPCR that, upon activation, signals to the pheromone response pathway via coupling to a single heterotrimeric G protein (Dowell and Brown, 2002) . It is noteworthy that yeast can be adapted to accommodate mammalian GPCR signaling via this one-GPCR-one-G protein pathway. Brown et al. (2000) have previously modified this system to allow expression of a human/yeast G␣ protein chimera, consisting of five C-terminal amino acids of a given human G␣ protein fused with the truncated yeast G␣ protein, Gpa1(1-467), (Gpa1/ G␣) (Brown et al., 2000) . This modification allows specificity of binding to potentially any desired mammalian GPCR, while maintaining the capacity to couple to the endogenous yeast G␤␥ subunits (Dowell and Brown, 2002) , which then signal to a mitogen-activated protein kinase pathway to activate reporter gene expression. This yeast signaling assay is thus an attractive system for studying specific pairs of GPCRs and G proteins in the absence of other GPCRs and signal cross-talk.
Despite these properties, the yeast signaling system has not been widely explored to date for quantification of GPCR agonist and antagonist pharmacological properties and G protein-coupling profiles. Thus, the aim of the current study was to determine the pharmacological characteristics of A 1 adenosine receptors expressed in various yeast strains together with individual G protein chimeras for each of the main mammalian G␣ subunits. Our results suggest that the yeast signaling assay is a robust platform for determining relative efficacies of agonists and affinity values for both agonists and antagonists. The assay, in general, is predictive of coupling preferences that are also seen in mammalian cell assays. However, a potential for a lack of sensitivity also exists in the ability of the yeast system to detect functional selectivity between some G␣ protein subtypes.
Materials and Methods

Materials.
The Surefire ERK1/2 phosphorylation kit was kindly donated by Dr. Michael Crouch (TGR Biosciences, Adelaide, Australia). All AlphaScreen beads and [
35 S]GTP␥S were purchased from PerkinElmer Life and Analytical Sciences (Waltham, MA). VCP-189 was synthesized (as compound 12c) as described previously by Ashton et al. (2008) . Flp-In Chinese hamster ovary (CHO) cells, Gateway plasmids, BP clonase kit, LR clonase kit, hygromycin B, zeocin, Fluo-4-AM, S. cerevisiae EasyComp transformation kit, and fluorescein di(␤-D-galactopyranoside) were obtained from Invitrogen (Carlsbad, CA). cDNA constructs of the human adenosine A 1 receptor and pertussis toxin (PTX)-insensitive G␣ i/o proteins were purchased from the Missouri University of Science and Technology cDNA Resource Center (http://cdna.org). Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Invitrogen and JRH Biosciences (Lenexa, KS), respectively. Metafectene reagent was obtained from Biontex (Martinsried/Planegg, Germany). Ultima gold scintillation cocktail was purchased from Packard Bioscience (Meriden, CT). Bicinchoninic acid protein reagents were obtained from Pierce Biotechnology (Rockford, IL) and adenosine deaminase (ADA), derived from calf intestine, was purchased from Roche (Basel, Switzerland). All other reagents were purchased from Sigma-Aldrich (St Louis, MO).
Cell Culture and Transfections. The sequence of the human adenosine A 1 receptor was amplified by PCR and cloned into the Gateway entry vector, pDONR201, using the BP clonase kit according to manufacturer's instructions. The A 1 receptor construct was subsequently transferred in the Gateway destination vector, pEF5/ FRT/V5-dest, using the LR clonase kit in accordance with manufacturer's instructions. The construct was then transfected into Flp-In CHO cells by use of methods described previously (Nawaratne et al., 2008 Yeast Transformations and Signaling Assay. Production of S. cerevisiae strains expressing chimeras of five C-terminal amino acids of human G␣ protein with the yeast Gpa1, 1-467, (Gpa1/G␣) has been described previously in Brown et al. (2000) . The gene encoding the human adenosine A 1 receptor was cloned into the p426GPD vector by use of traditional cloning methods. Yeast strains were then transformed with this construct with use of the S. cerevisiae EasyComp transformation kit in accordance with the manufacturer's instructions. The conditions for the signaling component of the assay were as described previously (Brown et al., 2000) , except that fluorescein di(␤-D-galactopyranoside) was used as the ␤-galactosidase substrate rather than chlorophenolred-␤-D-galactopyranoside. After appropriate treatment with ligand, the cells were incubated at 30°C for 18 to 24 h. Fluorescence was read on an EnVision plate reader (PerkinElmer Life and Analytical Sciences) at 475-nm excitation and 520-nm emission.
Membrane Preparation. CHO A 1 R cells were grown to 90% confluence, harvested, and centrifuged at 300g for 3 min. The intact cell pellet was suspended in homogenization buffer (20 mM HEPES; 10 mM EDTA; 0.1 mg ml Ϫ1 saponin, pH 7.7) and further centrifuged (300g, 3 min). Cells were then resuspended in homogenization buffer and homogenized by use of a Polytron PT1200 homogenizer (Kinematica, Littau-Lucerne, Switzerland) for two 10-s intervals at maximum setting (6), with 30-s cooling periods on ice between each burst. The homogenate was then treated for 30 min with 1U ml Ϫ1 ADA. The homogenate was then centrifuged (40,000g, 1 h, 4°C). The resulting pellet was resuspended in 5 ml of GTP␥S buffer (100 mM NaCl, 20 mM HEPES, 10 mM MgCl 2 , pH 7.4), and the protein content was determined by use of a bicinchoninic acid assay kit (Pierce Biotechnology) according to the manufacturer's instructions. The homogenate was then divided into 1-ml aliquots and either used immediately or stored frozen at Ϫ80°C until required.
[ 35 S]GTP␥S Immunoprecipitation Assay. CHO A 1 R membranes (20 g/sample) were incubated in GTP␥S buffer with ligand (or buffer) and 10 M GDP for 30 min at 30°C, before addition of 0.1 nM [
35 S]GTP␥S (final concentration) for a further 30 min at 30°C, in a final volume of 500 l. The reaction was terminated by membrane solubilization in GTP␥S buffer with 1.25% Igepal CA630 [(octylphenoxy)polyethoxyethanol, octylphenyl-polyethylene glycol] (Sigma-Aldrich). Samples were then placed on a rotor at 4°C for 30 min, before being incubated with 2 g of appropriate anti-G␣ subunit antibody for a further 90 min at 4°C. A slurry of protein A Sepharose in assay buffer was added to each sample to achieve a 3% (v/v) final concentration and incubated at 4°C for 1 h. Samples were centrifuged three times at 60g at 4°C, each time washed with 500 l of ice-cold GTP␥S buffer with 1.25% Igepal CA630. The final pellet was resuspended and added to 4 ml of scintillation cocktail (Ultima Gold, PerkinElmer Life and Analytical Sciences), and radioactivity was then determined by scintillation counting.
Extracellular Signal-Regulated Kinase 1/2 Phosphorylation Assays. Initial ERK1/2 phosphorylation time course experiments were performed to determine the time at which ERK1/2 phosphorylation was maximal after stimulation by each agonist. Cells were seeded into transparent 96-well plates at 5 ϫ 10 4 cells per well and grown overnight or until confluent. Cells were then washed twice with phosphate-buffered saline (PBS) and incubated in serumfree DMEM at 37°C for at least 4 h to allow FBS-stimulated phosphorylated ERK1/2 levels to subside. Before stimulation, cells were treated with 1 U ml Ϫ1 ADA for 30min. Cells were then stimulated with agonist for 5 min and incubated at 37°C in 5% CO 2 . For antagonist interaction studies, cells were incubated with 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) for 30 min at 37°C in 5% CO 2 , before agonist stimulation. Experiments using PTX-insensitive G␣ protein subunits were transfected as described above. Twenty-four hours after transfection, cells were washed with PBS, and cultured overnight in serum-free media containing 100 ng ml Ϫ1 PTX. The assay was then performed as described above. For receptor alkylation experiments, CHO A 1 R cells were cultured overnight to approximately 90% confluence in 96-well plates, washed with PBS, and treated for 15 or 30 min (VCP-189 alkylation assays) with 10 M 8-cyclopentyl-3-(3-((4(fluorosulfonylbenzoyl)oxy)propyl)-1-propylxanthine (FSCPX), an irreversible A 1 receptor antagonist, or 5 M or 10 M FSCPX for 30 min [(Ϫ)-N 6 -(2-phenylisopropyl)adenosine (R-PIA) alkylation assays] at 37°C. The cells were washed extensively with PBS, and bathed in serum-free media 4 h before experimentation. The assay was then performed as described above. For all experiments, 3% (v/v) FBS was used as a positive control, and vehicle controls were also performed. The reaction was terminated by removal of drugs and lysis of cells with 100 l of SureFire lysis buffer (TGR Biosciences). The lysates were agitated for 1 to 2 min and were diluted at a ratio of 4:1 (v/v) lysate/Surefire activation buffer in a total volume of 50 l. Under low-light conditions a 1:240 (v/v) dilution of AlphaScreen beads/Surefire reaction buffer was prepared and this was mixed with the activated lysate mixture in a ratio of 6:5 (v/v), respectively, in a 384-well opaque Optiplate. Plates were incubated in the dark at 37°C for 1 h before the fluorescence signal was measured by use of a Fusion-␣ plate reader (PerkinElmer Life and Analytical Sciences) with standard AlphaScreen settings. Data were normalized to the maximal response elicited by 3% (v/v) FBS at the same time point.
cAMP Accumulation Assay. CHO A 1 R cells were plated into 96-well plates and cultured overnight at 37°C in 5% CO 2 . Cells were washed with PBS, and cultured overnight in serum-free media in the absence or presence of 100 ng ml Ϫ1 PTX. Thirty minutes before assaying, the culture medium was replaced with phenol red-free DMEM with 0.1% bovine serum albumin (BSA), 1 U ml Ϫ1 ADA, and 500 M 3-isobutyl-1-methylxanthine, and incubated at 37°C in 5% CO 2 . Cells were treated with R-PIA and/or forskolin, and incubated for 30 min at 37°C in 5% CO 2 . Medium was aspirated and cells were lysed in lysis buffer (dH 2 O, 0.3% Tween 20, 5 mM HEPES, 0.1% BSA). Lysates were transferred to a 384-well plate and mixtures of lysis buffer/donor bead-conjugated anti-cAMP antibody and lysis buffer/biotinylated cAMP/acceptor bead-conjugated streptavidin were added to the lysates according to the PerkinElmer cAMP Alphascreen protocol. Plates were incubated in the dark at room temperature overnight before the fluorescence signal was measured by use of a Fusion-␣ plate reader (PerkinElmer Life and Analytical Sciences) by use of standard AlphaScreen settings. Data were normalized to the response elicited by 10 M forskolin at the same time point.
Ca 2؉ Mobilization Assay. CHO A 1 R cells were cultured overnight in 96-well plates at 37°C in 5% CO 2 . Cells were washed with PBS, and cultured overnight in serum-free media in the absence or presence of 100 ng ml Ϫ1 PTX. Cells were washed twice in Ca 2ϩ assay buffer [150 mM NaCl, 2.6 mM KCl, 1.2 mM MgCl 2 , 10 mM dextrose, 10 mM HEPES, 2.2 mM CaCl 2 , 0.5% (w/v) BSA, and 4 mM probenecid]. The final wash replaced with Ca 2ϩ assay buffer containing 1 M Fluo-4-AM and incubated for 1 h at 37°C in 5% CO 2 . Cells were washed twice more and replaced with 37°C Ca 2ϩ assay buffer containing 1 U ml Ϫ1 ADA. R-PIA was added and fluorescence was measured in a Flexstation (Molecular Devices, Sunnyvale, CA).
Data Analysis. Agonist concentration-response curves, in the absence of antagonist, were fitted via nonlinear regression to the following three-parameter logistic function by use of Prism 5.01 (GraphPad Software, San Diego, CA):
where E is response, E max and basal are the top and bottom asymptotes of the curve, respectively, log[A] is the logarithm of the agonist concentration, and pEC 50 is the negative logarithm of the agonist concentration that gives a response halfway between E max and basal.
Experiments measuring the interaction between R-PIA and DPCPX, or R-PIA and VCP-189 at the adenosine A 1 receptor were globally fitted to the following logistic equation of agonist-antagonist interaction:
where basal, E max , log[A], and EC 50 are as described previously. B is the molar concentration of antagonist. pA 2 is the negative logarithm of the concentration of antagonist that requires a 2-fold increase in the concentration of agonist to achieve an equal response to that in absence of antagonist. The parameter, s, is analogous to the Schild slope factor (Motulsky and Christopoulos, 2004) . To generate agonist affinity and efficacy estimates the following form of an operational model of agonism (Black and Leff, 1983 ) was applied to the relevant data (see Results): 
where log K A is the logarithm of the equilibrium dissociation constant of the agonist, E m is the maximal response of the system, and is an operational measure of efficacy, equal to the total receptor concentration divided by the concentration of agonist-receptor complexes required to achieve 50% of the maximal system response. All other parameters are as described previously. For application to receptor alkylation experiments, eq. 3 was globally fitted to the entire family of curves for a given agonist's responses determined in the absence or after treatment with FSCPX, with all parameters being shared except log . For experiments in yeast comparing the responses of VCP-189 to those of the full agonist, R-PIA, eq. 3 was applied to the VCP-189 responses whereas eq. 1 was applied to the R-PIA responses, with the basal parameters shared across datasets and the E max parameter of eq. 1 constrained to equal the E m parameter of eq. 3; in this manner, estimates of log K A and log could be derived for VCP-189 (Leff et al., 1990; Motulsky and Christopoulos, 2004) .
Statistical comparisons between parameters were performed by use of a one-way analysis of variance with Bonferroni's multiple comparisons or Dunnett's post test, as appropriate, and a probability (p) less than 0.05 was taken to indicate significance.
Results
Determination of Agonist and Antagonist Pharmacology Using S. cerevisiae. Concentration-response curves were constructed to the agonists, R-PIA and VCP-189 in yeast strains expressing chimeras of Gpa1/G␣ q , Gpa1/G␣ 12 , Gpa1/G␣ o , Gpa1/G␣ i1/2 , Gpa1/G␣ i3 , Gpa1/G␣ s , or the fulllength endogenous yeast G␣ protein Gpa1, to test the ability of these compounds to elicit a response when coupled to an individual subtype of G protein. R-PIA produced detectable responses in strains expressing Gpa1/G␣ o , Gpa1/G␣ i1/2 , and Gpa1/G␣ i3 . VCP-189 was a partial agonist compared with R-PIA, and only produced significant responses in yeast strains expressing Gpa1/G␣ i subunits (Fig. 1) ; Table 1 lists the estimates of agonist potency derived from these experiments. Subsequent application of an operational model of agonism (eq. 3) to the data also allowed for the determination of VCP-189 affinity (log K A ) and relative efficacy (log ) at the Gpa1/G␣ i1/2 and Gpa1/G␣ i3 strains, yielding the following values: for Gpa1/G␣ i1/2 , log K A ϭ Ϫ6.40 Ϯ 0.16; log ϭ Ϫ0.37 Ϯ 0.07 ( ϭ 0.42); for Gpa1/G␣ i3 , log K A ϭ Ϫ5.76 Ϯ 0.22; log ϭ Ϫ0.61 Ϯ 0.17 ( ϭ 0.24), n ϭ 3-5. Neither the affinity or relative efficacy values were significantly different from one another between strains (p Ͼ 0.05).
The lack of response to VCP-189 in the Gpa1/G␣ o strain may reflect either a lack of interaction of the agonist with the receptor in that yeast strain, or a lack of signaling efficacy via the Gpa1/G␣ o protein.
To differentiate between these two possibilities, interaction experiments were performed between R-PIA and VCP-189 at the Gpa1/G␣ o strain. As shown in Fig. 2 , increasing concentrations of VCP-189 led to a progressive rightward shift of the R-PIA concentration-response curve in a manner consistent with a competitive interaction, indicating that VCP-189 was indeed able to interact with the A 1 receptor expressed in this yeast strain. Application of eq. 2 to the data yielded a ϪpA 2 estimate of Ϫ5.98 Ϯ 0.06 (n ϭ 3) for VCP-189. Neither this value, nor the log K A values determined from the operational model analysis of the data from the other two yeast strains, were significantly different from one another (p Ͼ 0.05). The interaction paradigm used above was next extended to investigate the properties of a prototypical A 1 receptor orthosteric antagonist, DPCPX, at each of the Gpa/G␣ o , Gpa/ G␣ i1/2 , or Gpa/G␣ i3 strains. Figure 3 shows that, in each instance, the antagonist caused parallel rightward shifts of the R-PIA concentration-response curves in a concentrationdependent manner, characterized by the following pA 2 estimates (n ϭ 4): 8.51 Ϯ 0.15, 9.15 Ϯ 0.29, and 8.58 Ϯ 0.32, for Gpa/G␣ o , Gpa/G␣ i1/2 , and Gpa/G␣ i3 , respectively. Statistical analysis revealed no significant difference between these values (p Ͼ 0.05). 
Validation of G␣ i/o Coupling Preference in Chinese
A 1 Receptor-G Protein Profiling in Yeast 281
a mammalian cell background, we used a CHO cell line stably expressing the human A 1 receptor and monitored intracellular Ca 2ϩ mobilization as a surrogate of either G␣ q activation and/or G␤␥-mediated activation (Selbie and Hill, 1998; Migita et al., 2005) ; inhibition of forskolin-stimulated cAMP accumulation, which indicates G␣ i/o and G␣ s activation (Levitzki, 1988; Cordeaux et al., 2000) ; and ERK1/2 phosphorylation, which can result from activation of various G proteins and even non-G protein signaling (Schulte and Fredholm, 2003; Werry et al., 2006) . Figure 4 shows that the ability of R-PIA to promote ERK1/2 phosphorylation, intracellular Ca 2ϩ mobilization or inhibition of forskolin-stimulated cAMP accumulation was completely abolished by pretreatment with PTX. Furthermore, in the absence of forskolin stimulation with or without PTX treatment, R-PIA was not able to elicit a cAMP accumulation response (not shown), indicating that the A 1 receptor does not couple to G␣ s proteins in this cell line. Taken together, these results suggest that A 1 receptor-mediated responses in this mammalian cell line are wholly dependent on G␣ i/o activation, as predicted by the findings in the yeast assays.
To confirm that the pharmacology of the antagonist, DPCPX, studied in the yeast cellular background is retained in a mammalian background, we also performed Schild analysis on the ability of DPCPX to inhibit R-PIA-mediated ERK1/2 phosphorylation in the CHO cells. As shown in Fig.  5 , the antagonist produced a concentration-dependent, parallel, rightward shift of the agonist concentration-response curve, characterized by a pA 2 of 9.11 Ϯ 0.09 (n ϭ 4), which was not significantly different from the values derived in the yeast assays.
Assessment of Agonist Functional Selectivity. The yeast data indicated that VCP-189 had a lower efficacy than R-PIA and a preferential coupling to G␣ i proteins relative to G␣ o proteins. However, a comparison of the ability of each agonist to mediate ERK1/2 phosphorylation in CHO cells (Fig. 6 ) indicated robust and equiefficacious agonism for both ligands. The differences between these observations in yeast and mammalian cells may reflect differences in stimulusresponse coupling between the cellular backgrounds and/or true functional selectivity by VCP-189 for specific G␣ subunits that is not detected because of the multipathway-convergent nature of ERK1/2 signaling. To first determine the influence of stimulus-response coupling on our observations, we used the irreversible antagonist, FSCPX, to occlude the A 1 receptor's orthosteric site and thus effectively reduce the pool of accessible receptor-binding sites that can be activated by each agonist (Fig. 6) . Application of the operational model of agonism to the datasets obtained before and after receptor alkylation yielded the following parameters for R-PIA: log K A ϭ Ϫ6.96 Ϯ 0.34, log ϭ 1.71 Ϯ 0.34 ( ϭ 51), whereas for VCP-189, the following values were determined: log K A ϭ Ϫ5.85 Ϯ 0.21, log ϭ 0.61 Ϯ 0.18 ( ϭ 4). The differences between the values under control conditions (in the absence of alkylation) for the two agonists clearly indicate that VCP-189 is a lower-efficacy agonist than R-PIA for ERK1/2 phosphorylation in CHO cells, and that the equivalent maximal agonist responses under the control conditions are thus most likely due to a high degree of stimulus-response coupling and/or receptor expression level in this cellular background compared with the yeast. Finally, to investigate whether the preferential coupling of VCP-189 to G␣ i over G␣ o proteins identified in yeast was also indicative of functional selectivity for the former G proteins over the latter, we used two different experimental approaches in CHO cells. The first was to investigate agonist ERK1/2 phosphorylation responses in CHO A 1 cells transfected with cDNA encoding specific PTX-insensitive G␣ i/o subunits after PTX treatment. These experiments revealed that both R-PIA and VCP-189 were, in fact, able to promote ERK1/2 phosphorylation via either G␣ o splice variants (G␣ oA and G␣ oB ), and G␣ i2 to varying extents (Fig. 7) . Both ligands had comparable efficacies when coupled to either G␣ oA or G␣ i2 , but VCP-189 was a lower-efficacy agonist compared with R-PIA when coupled to G␣ oB . The second approach that we used was to generate a G protein-coupling profile for the A 1 receptor by use of [
35 S]GTP␥S immunoprecipitation, which determines activation of native G proteins. Figure 8 shows the results from these assays with use of CHO A 1 cell membranes treated with either buffer (basal), 10 M R-PIA, or 10 M VCP-189. The results show that R-PIA and VCP-189 could only significantly alter [
35 S]GTP␥S binding at G␣ i3 G proteins compared with basal, in contrast to their effects on G␣ o G␣ i1 , G␣ i2 , and G␣ q proteins. However, there did seem to be a trend toward an increase in [
35 S]GTP␥S binding to G␣ o G␣ i1 , and G␣ i2 proteins. Collectively, these results suggest that any preferential agonist coupling to G␣ i proteins over G␣ o proteins identified in yeast cells are most likely due to differences in strength of coupling rather than functional selectivity due to stimulus bias.
Discussion
This is the first study to use a yeast system to characterize adenosine A 1 receptor ligand affinities, efficacies, and G protein-coupling profiles. Although there may be issues associated with a potential lack of sensitivity for agonists that are weakly coupled to a particular G protein, the yeast system is a valid platform for determining G protein coupling and There are numerous approaches to estimating affinities of ligands, the most traditional of which are based on radioligand binding. However, this assay does not readily provide information about downstream events, it can be expensive, and, for many receptors, it is limited by a lack of appropriate radioligands. Another approach to estimate affinity values is to use functional assays that generate concentration-response data such that appropriate quantitative models can be applied to furnish agonist or antagonist affinity values (Kenakin, 2003) . This approach may also be costly, timeconsuming, and/or of insufficient throughput if multiple curves are required. In this regard, the use of a yeast-based assay for determining GPCR ligand pharmacology may prove useful, because it is inexpensive, lacks interacting mammalian proteins, and is able to reconstitute many GPCRs with high fidelity (Dowell and Brown, 2002) . The majority of studies investigating GPCRs in yeast in the past have exploited the assays for facilitating random mutagenesis studies (Erlenbach et al., 2001; Schmidt et al., 2003; Armbruster et al., 2007) , or as an empirical screening tool with a single-pathway endpoint (Campbell et al., 1999) . However, to our knowledge, no study has investigated the ability of the system to ascertain quantitative, system-independent, pharmacological ligand properties.
Although an earlier study used S. cerevisiae to identify adenosine A 1 receptor antagonists (Campbell et al., 1999) , it was restricted to the empirical determination of antagonist potencies. We have now shown that it is possible to apply classic Schild analysis in yeast to yield antagonist affinity values that are similar to those obtained in CHO cells. Moreover, these affinity estimates are consistent with values derived for DPCPX in the past (e.g., Townsend-Nicholson and Shine, 1992; de Ligt et al., 2005) , indicating that the G protein subtype present has little bearing on antagonist affinity. In addition to allowing appropriate quantification of antagonist pharmacology, the yeast system also profiled the G protein-coupling preferences for A 1 receptor orthosteric agonists, indicating a role only for PTX-sensitive G proteins that was subsequently confirmed in our CHO cells. These results are consistent with previous (Akbar et al., 1994; Jockers et al., 1994) , although there is some evidence to suggest that A 1 receptors may couple to G␣ s (Cordeaux et al., 2000) or G␣ q proteins (Minelli et al., 2008) ; this is probably cell background-dependent.
Agonist potency estimates derived from functional studies traditionally cannot be related directly to agonist affinity estimates for a given GPCR because of the nonlinear nature of stimulus-response coupling in most systems (Kenakin, 2003) . However, a recent study by Yu et al. (2008) suggested that a property of S. cerevisiae is an apparent lack of signal amplification. This relates to the cell biology of S. cerevisiae, which involves a negative-feedback loop in the pheromone response pathway contingent on the phosphorylated Fus3 protein inhibiting Sst2-mediated Ste5 recruitment, resulting in a pronounced decrease in amplification of signal. A consequence of this feedback loop is to "align" the yeast concentration-response and concentration-occupancy relationships. Yu et al. (2008) have also shown that deletion of the Sst2 protein provides equivalent results to that of a system where Fus3 is constitutively activated. Given that the yeast system used in our study is Sst2-negative, this suggests that the actual potency values obtained from agonist concentration-response curves should be approximations of agonist affinity for A 1 receptor expressed in our strains. If this is the case, then a number of interesting observations arise from our results. Although the R-PIA potency estimates spanned an approximately 10-fold range across the various strains, they were generally comparable with the "high-affinity" binding constant we derived previously using membrane-based binding assays in CHO cells (May et al., 2005) . However, these potency values are not consistent with the log K A estimates derived from the receptor alkylation assays of R-PIA-induced ERK1/2 phosphorylation in CHO cells (Fig. 6) ; the latter were, instead, consistent with the "low-affinity" binding constant we previously determined (May et al., 2005) . If the hypothesis of a lack of signal amplification in yeast is valid, then it may be that the high potency of R-PIA as an agonist in yeast, compared with its estimated log K A for the A 1 receptor from the operational model analysis in the CHO cells, reflects a preformed high-affinity state of the A 1 receptor-G protein complex in the intact S. cerevisiae cells that may not be present, or only transiently so, in CHO cells. It is worth noting that a previous study in HEK-293 cells has suggested that the A 1 receptor can form precoupled GPCR-G protein complexes (Nobles et al., 2005) .
In addition to allowing for the quantification of parameters describing the drug-receptor interaction, another utility of the yeast assay system is to profile ligands acting unambiguously via a single type of G protein in a common cellular background. This offers the potential to detect G proteinmediated functional selectivity, which could be manifested as a change in ligand potency or efficacy orders across different yeast strains. However, the validation of the phenomenon in mammalian cells must consider the impact of differences in stimulus-response coupling and/or receptor expression levels between the cell types on the resultant pharmacology. Indeed, VCP-189 generated the same maximal response as R-PIA when studied as an agonist of ERK1/2 phosphoryla- tion in our CHO cells, but was clearly of lower efficacy than R-PIA in each of the yeast strains tested. The most parsimonious explanation for this difference is that the CHO cells are characterized by a higher degree of signal amplification than yeast, such that low-efficacy agonists can still generate the maximal cellular response. The results of the receptor alkylation experiments and associated analysis are in agreement with this mechanism; even small degrees of alkylation resulted in a collapse of the VCP-189 concentration-response curve, whereas R-PIA displayed a rightward shift in potency with no collapse of the maximal agonist effect until the extent of receptor alkylation was more pronounced.
Despite the differences in the strength of signal between the two agonists studied, it is still possible that functional selectivity was operative in determining their coupling preferences to various G protein subtypes. Data acquired from the yeast studies indicated that VCP-189 could discriminate between Gpa1/G␣ o and Gpa1/G␣ i proteins, whereas R-PIA did not. However, the functional data obtained in CHO A 1 cells either transfected with PTX-insensitive G␣ i/o subunits or following [
35 S]GTP␥S immunoprecipitation were not in agreement with data collected from the yeast assay, in that VCP-189 also activated G␣ o coupling in CHO cells. There are a number of possible reasons for this discrepancy, but the most likely is that, because all Gpa1/G␣ chimeras contain only five C-terminal amino acids of the mammalian G␣ protein, the sequence in the Gpa1/G␣ o chimera is suboptimal for ensuring sufficient affinity for the A 1 receptor for low-efficacy agonists; if an agonist has very low efficacy, it may be undetectable in the yeast system. Thus, we conclude that there is no evidence from these studies of true functional selectivity of either agonist in their coupling preferences for G␣ i/o protein subtypes.
The preceding discussion highlights important considerations when trying to relate agonist efficacy determinations made in recombinant systems to more physiologically relevant settings, such as isolated tissues or in vivo. Specifically, changes in receptor expression and/or stimulus-response coupling are likely to be the most obvious causes for dissimilitude between behavior determined in cell-based screening assays and behavior observed in a more native cellular environment. Mechanistically, this may also involve differences in G protein complement and stoichiometry, receptor-effector compartmentalization, or a role for accessory cellular proteins that are not present in recombinant systems. Nonetheless, the quantitative approaches used in the current study at least allow for the generation of hypotheses to model and predict the impact of changes in stimulus-response coupling on the appearance, or lack thereof, of selectivity in the actions of a given agonist between cell types. If subsequent experiments reveal that changes in receptor expression levels or coupling efficiency are insufficient to account for the observed pharmacology in native systems, then mechanisms such as stimulus-bias/functional selectivity can be invoked.
Taken together, our findings indicate that the yeast signaling system is a useful and convenient tool to add to the pharmacological armamentarium, especially in regard to the quantification of agonist and antagonist affinity and relative efficacy estimates. This is likely to apply not only to the A 1 receptor, but also to any GPCR that can be expressed in yeast. In theory, the assay can also be used to routinely profile G protein-coupling selectivity, although potential issues of sensitivity for detecting low-efficacy agonists need to be considered.
